We perform a systematic search for rings around 168 Kepler planet candidates with sufficient signal-to-noise ratios that are selected from all the short-cadence data. We fit ringed and ringless models to their lightcurves, and compare the fitting results to search for the signatures of planetary rings. First, we identify 29 tentative systems, for which the ringed models exhibit statistically significant improvement over the ringless models. The lightcurves of those systems are individually examined, but we are not able to identify any candidate that indicates evidence for rings. In turn, we find out several mechanisms of false-positives that would produce ring-like signals, and the null detection enables us to place upper limits on the size of rings. Furthermore, assuming the tidal alignment between axes of the planetary rings and orbits, we conclude that the occurrence rate of rings larger than twice the planetary radius is less than 15 percent. Even though the majority of our targets are short-period planets, our null detection provides statistical and quantitative constraints on largely uncertain theoretical models of origin, formation, and evolution of planetary rings.
-2 -has remained largely unknown. Nevertheless the rings of Saturn have attracted people over many generations. Also, many small rings have been identified for Jupiter, Uranus, Neptune, Chariklo (Braga-Ribas et al. 2014) , Chiron (Ortiz et al. 2015) , and Haumea . Therefore, the presence of rings is now supposed to be fairly universal in the Solar system. This naturally raises the question "Are planetary rings also common in planetary systems outside our Solar system?" For more than 20 years since the discovery of an exoplanet around a Sun-like star, photometric and spectroscopic accuracies of observations have significantly improved, and we are now potentially in a position to answer the question in a quantitative and statistical manner. Indeed the precise photometry with the Kepler mission has already reached the sensitivity to detect transiting ringed planets if any (e.g. Barnes & Fortney 2004; Ohta et al. 2009; Aizawa et al. 2017 ).
Several observational techniques have been proposed for the detection and characterization of exoplanetary rings. Lightcurves of transiting ringed planets should leave characteristic signatures that cannot be produced by ringless planets (Schneider 1999) . Reflection light from rings just before and after the transits is also identifiable in principle (Arnold & Schneider 2004; Dyudina et al. 2005) . The spectroscopic Rossiter-McLaughin effect can be used to increase the reliablity of the ring-like photometric signal candidates (Ohta et al. 2009 ). Anomalous stellar density and planetary radii may select the possible candidates for ringed planets (Zuluaga et al. 2015) .
In addition to those theoretical proposals, there are several previous attempts to search for rings and/or put constraints on their parameters from real data. For instance, Brown et al. (2001) analyzed 4 transit lightcurves of the first transiting system, HD 209458, with the Hubble Space Telescope (HST), and concluded that HD 209458b cannot be accompanied by an opaque ring with its radius exceeding 1.8 times the planetary radius. Santos et al. (2015) pursued the possibility that the anomalously large reflection light and rotational velocity of Peg 51 b indicates the presence of a ring, but the required configuration for such ring systems was found to be unstable due to the strong tidal interaction with the host star. Therefore the ring interpretation of Peg 51 b is excluded. Lecavelier des Etangs et al. (2017) searched for rings around the long-period exoplanet CoRoT-9b (P = 95.3 days) using the Spitzer photometry. They did not find any signatures of a ring, and instead derived constraints on the inclination of a possible ring. Hatchett et al. (2018) tested the ring hypothesis for one of the longestperiod Kepler planets KOI-422.01, and they excluded the possible rings with obliquity angles 90 • , 60 • , 45 • , or 20 • .
Furthermore, there are several observational claims of possible circumplanetary rings or disks on the basis of the transit method or direct imaging. Kalas et al. (2008) interpreted the anomalously large optical flux of Fomalhaut b in terms of a possible circumplanetary disk. Mamajek et al. (2012) found a series of interesting photometric variations during a single transit of a sub-stellar object orbiting around J1407, which can be explained by a gigantic planetary ring (∼ 1 au). Osborn et al. (2017) also found the similar features that repeated during two eclipses of an object around PDS -3 -110, which are interpreted as a giant ring. Anglada et al. (2017) claimed a marginal signal (4σ level) at 1.5 au around Proxima Centauri with ALMA. Among several possibilities, one interesting scenario is a planet with a sufficiently large ring.
Instead of the constraints on the specific exoplanets, there are a couple of systematic attempts to search for rings around transiting planets from the Kepler archive data. Heising et al. (2015) examined 21 short-period planets with 1 day < P < 51 days, but found no plausible candidate. Aizawa et al. (2017) , on the other hand, focused on the 89 long-period planets (P > 200 days for most systems) and planet candidates that exhibit up to three transits so as to search for Saturnlike icy rings. They discovered one possible candidate whose anomaly of the lightcurve during a single transit is consistent with the signature of a ring similar to that of Saturn (but also consistent with a binary-planet model, and a circumstellar disk around a dwarf star if the host star is a giant star; see Aizawa et al. (2017) for further discussion). Unfortunately the orbital period of the system is fairly uncertain because of the lack of the multiple transits, and thus the follow-up observation is very challenging.
The important lesson learned from those early attempts, however, is the encouraging fact that the detection of rings around exo-planets, if any, is close to within reach even though not yet easy obviously. Therefore we decide to extend our previous search to all Kepler transiting planets with sufficiently high photometric accuracy in their short-cadence data.
More specifically, we select 168 Kepler planet candidates with high signal-to-noise ratios using the short-cadence data, so that we are able to probe tiny and short-duration characteristic signatures of rings. Because of those selection criteria, majority of our targets turned out to be short-period planets. Thus our survey is preferentially designed for rocky, instead of icy, rings in practice, but we can test the robustness of possible ring signatures at separate transit epochs. From this point of view, the present work is very complementary to our previous work (Aizawa et al. 2017) , and regarded as a significant extension of Heising et al. (2015) .
While we believe that some fraction of exoplanets should accompany rings, the required condition and the nature of those rings are largely unknown both theoretically and observationally. Even though we have not identified any candidate for a ringed planet in the analysis of the present paper, we found several cases that mimic signature of rings, which are useful examples of false-positives for future ring searches. Also we are able to constrain the ring parameters from our null results for the targets. Our statistical and observational constraints would add insights into the origin and evolution of rings in a completely different environment than those in our Solar system. The approach of our current methodology will eventually answer the question to what extent our Solar system is a typical (or atypical) planetary system in the Galaxy, hopefully affirmatively.
The rest of the paper is organized as follows. Section 2 describes our selection of target planets. Section 3 explains the data reduction and analyses of lightcurves with transiting ringless or ringed planets in detail. Section 4 presents the results and implications of our analysis. Finally, Section 5 concludes and discusses the future prospects for exoplanetary ring search.
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Target selection
Since signatures of planetary rings are tiny, we have to carefully select target systems with sufficient signal-to-noise ratios for detailed analysis before performing a time-consuming individual analysis. We adopt the signal-to-noise ratio (S/N ) of transiting systems as a measure of a rough potential detectability of their rings:
In the above equation, T obs is the total duration of the observed lightcurve in the short-cadence data (1 month ≤ T obs ≤ 4 years), P orb and δ TD denote the the orbital period and transit depth, and finally σ TD is the effective uncertainty of the data on the transit depth. To estimate σ TD , we interpolate or extrapolate the photometric uncertainty corresponding to the transit duration τ TD using values of the robust root-mean square (RMS) combined differential photometric precision (CDPP) in the Kepler Stellar Table. In the present paper, we focus on the Kepler short-cadence (1 min) data alone. The longcadence data (29.4 mins) are not suitable for searching for signatures of rings, which are identifiable only for short timescales around the egress and ingress of the transit. We first retrieve parameters from the Q1-Q17 Data Release 25 catalog of all Kepler Objects of Interests (KOIs) (Thompson et al. 2017) , and calculate (S/N ) of those KOI planets that have short-cadence data. We exclude the systems whose dispositions are "FALSE POSITIVE" in the catalog.
The total duration T obs corresponds to the observed duration of the system in the Kepler short-cadence data. Roughly speaking, (S/N ) = 1 corresponds to the 1σ-detection of the transit of a planet, not of a planetary ring. Since a typical amplitude of the photometric anomaly due to a Saturnian ring is less than 1 percent of the planetary transit depth, we select all Kepler planet candidates with (S/N ) > 100 as our targets.
Orbital periods and planetary radii of all 4029 KOIs with short-cadence data are shown in Figure 1 . The majority of the KOI planets have insufficient (S/N ) to detect possible rings, and 168 KOI planets satisfy (S/N ) > 100 (plotted in red circles). We note that our targets include all systems in Heising et al. (2015) except for KOI-398.02 with (S/N ) = 97.1 (20 out of 21).
Ring survey method: data reduction and fits of ringless and ringed planet models
This section describes our analysis method of ring survey, including lightcurve data reduction and fit to the parametrized templates of a planet with and without a planetary ring. The method is largely based on our previous paper Aizawa et al. (2017) .
We approximate the stellar intensity profile I(x, y) with (x, y) being the coordinates with -6 -respect to the stellar center as
where (q 1 , q 2 ) are limb-darkening parameters, µ = 1 − (x 2 + y 2 )/R 2 , and R is the stellar radius (Kipping 2013) . Throughout the present analysis, we adopt the circular orbit of all the planets for simplicity.
Our ringless planet model is specified by seven parameters: the planet to star radius ratio R p /R , the impact parameter b, the semi-major axis normalized by the stellar radius a/R , the time of a transit center t 0 , limb-darkening parameters q 1 and q 2 , and the normalizing factor of the light curve c.
Our ring model is specified by additional five parameters; inner ring radius R in , outer ring radius R out , shading rate T , and orientation angles for ring axes θ and φ. If T = 1, a ring is fully opaque, and if T = 0, the ring is completely transparent. To increase the efficiency of numerical fitting, we employ r out/in = R out /R in and r in/p = R in /R p , instead of R out and R in . Thus our ringed planet model is specified by 12 parameters in total. Further details of the model are found in Aizawa et al. (2017) .
Making phase-folded lightcurves
If a transiting planet has a ring, the ring signature should be imprinted equally in each lightcurve at different transit epochs. Since, the ring parameters, in particular the orientation angles of the ring, are supposed not to vary for the timescale of T obs , the signal-to-noise ratio of the signature should increase by stacking all the lightcurves properly. To produce such precise phase-folded lightcurves requires an accurate determination of both the transit center and baseline of each lightcurve at different transit epochs.
We use the short-cadence Pre-search Data Conditioned Simple Aperture Photometry (PDC-SAP) fluxes of the target objects from the Mikulski Archive for Space Telescopes (MAST). We adopt the transit model F (t) implemented by the Pytransit package (Parviainen 2015) for transiting ringless planets, which generates the lightcurve based on the model of Mandel & Agol (2002) with the quadratic limb darkening law.
We first apply the ringless model separately to each transit by varying the transit centers and baseline functions alone. Here, we take the fourth-order polynomials as the baseline functions, and we retrieve the transit duration and the other parameters of transiting planets from the MAST pipeline with the help of the Python interface kplr (http://dan.iel.fm/kplr/). We extract the lightcurve during the epoch of ±2 times the transit duration with respect to each transit center for the subsequent analysis.
After fitting, we exclude outliers exceeding 5σ amplitude in the flux so as to determine the -7 -baseline of the lightcurve accurately. We repeat the fitting procedure and removal of outliers until no outliers are left. Then we visually check each transit in order to exclude inappropriate transits that may be strongly affected by instrumental systematics.
Several transits exhibit large transit timing variations, which our pipeline cannot automatically deal with. In such cases, we appropriately choose the initial transit centers before fitting so as to correctly identify the transits. Finally, we obtain the best baseline using the out-of-transit (outside ±0.6× transit duration around the transit center) data alone, and normalize the lightcurve with the fitted baseline. Our fit to the transit model lightcurve is performed with the public code mpfit (Markwardt 2009 ) that is based on the Levenberg-Marquardt (LM) algorithm.
We stack the obtained normalized lightcurve at each transit, and make the phase-folded lightcurve. We derive the transit duration by applying the ringless model to the phase-folded lightcurve. With the updated transit duration, we repeat the above procedure to obtain the final phase-folded lightcurve.
We extract the phase-fold lightcurve during an epoch within ±1 transit duration around the transit center. To finish the fitting procedures in realistic time, the lightcurve is divided into 500 bins with an equal time interval. Here, we require one bin to accommodate at least 10 points to guarantee the appropriate binning. So, for systems with the number of the phase-folded data less than 5000, we choose the bin width for one bin to have 10 data points.
Finally, we have phase-folded lightcurves for 168 planets, which are analyzed for ring search in the next subsection.
Separate fitting to planetary solutions with and without a ring
Our search for ring signatures is based on the comparison between the separate best solutions for a planet with and without a ring for all our targets.
In order to find the best solution in the 7 parameter space for a ringless planet model, we randomly generate 1000 different initial sets of parameters from the homogeneous distribution in a finite range. Then, we use the LM method to find the local minima starting from each of initial values, and we choose the best solution among the solutions. In fitting, we use the binned data that are produced in Section 3.1. We confirm that generally 100 initial sets of parameters are sufficient to find the minimum for our purpose.
Finally, we calculate the chi-squared value:
from the binned data. Here, d(t i ) , m(t i ), and ∆d(t i ) are the observed flux, the expected flux of the model, and the uncertainty in observed flux at t = t i , respectively. We assume ∆d(t i ) to be a -8 -standard deviation of the normalized flux of each lightcurve estimated from its out-of-transit epoch.
The same procedure is performed for a ringed planet model. In this case, we have 12 free parameters t 0 , b, R p , r out/in , r in/p , θ, φ, T , a/R , c, q 1 and q 2 . We calculate the chi-squared value χ 2 ring , which has the definition similar to χ 2 ringless .
One fit of the ringed model takes about a few minutes in a lap-top, and the fits to the entire datasets were carried out with PC clusters in The Center for Computational Astrophysics (CfCA) in National Astronomical Observatory, Japan.
3.3. Searching for ring signatures via comparison between ringless and ringed planet models
Our next procedure is to create a list of tentative ringed-planet candidates from the comparison between the best-fit values for the two models, χ 2 ringless, min and χ 2 ring, min . Specifically for this purpose, we adopt a F -test with F statics (e.g. Lissauer et al. 2011) , and define
where N bin is the number of in-transit bins of the phase-folded lightcurve (typically 500), and N ring = 12 and N ringless = 7 are the number of free parameters in the planetary models with and without a ring, respectively.
The numerator of the right-hand side of Eq. (4) corresponds to the improvement in χ 2 of the ring model divided by the number of the additional degrees of freedom characterizing a ring. The denominator is the χ 2 per degree of freedom for the ringed model. Thus, F obs represents a measure of relative improvement of the fit by introducing the ring. The large F obs prefers the ringed planet model. Note, however, that F obs is defined simply through the ratio of the minimum values of χ 2 for the two models. Therefore it is nothing to do with the goodness of the fit for either model, which needs to be checked separately.
According to the F -test, the measure of the the null hypothesis that our ringed model does not improve the fit relative to the ringless model is given by the p-value defined as
where F (f |N bin − N ring − 1, N ring − N ringless ) is the F -distribution with the degrees of freedom (N bin − N ring − 1, N ring − N ringless ).
The larger value of F obs , therefore the smaller value of p disfavors the null assumption, i.e., the ringed model better fits the data than the ringless model. In this paper, we adopt the condition of p < 0.05 for the rejection of the null hypothesis. For those tentative candidates of ringed planets, we -9 -attempt to understand the origins of anomalies by examining individual lightcurves and statistics (e.g. χ 2 ring, min ) further.
We also test the robustness of possible ring signatures by dividing the multiple transits into those at even and odd transit numbers, creating the phase-folded lightcurves separately, and computing the p-values (p even , p odd ). Unlike the other analyses, we use the non-binned data here in order to evade the additional uncertainties in the lightcurves due to the extra binning step, especially for systems with the low number of the data. For the calculation of (p even , p odd ), we approximate the best-fit model of the binned data as that of the non-binned data, and then we calculate F obs in Eq (4) for non-binned data. If rings mainly account for signals in lightcurves, we expect p even to be close to p odd because of the consistency of the signals.
Finally, we comment on the validity of applying the F -test to our ring search. The F -test needs to satisfy two conditions (e.g. Protassov et al. 2002) . One is that the two models are nested in a sense that the more complicated model reduces to the simpler one if the additional parameters in the former model are removed. This is trivially satisfied in the present case. The other condition is that the simpler model should not be located at the edge of the parameter space of the more complicated model. Strictly speaking, this condition may not hold because our ring model reduces to the ringless model in the limit of R out → R p . Nevertheless, F -test gives us a practically useful criterion, and we decide to use it in selecting tentative candidates for further analysis.
Obtaining upper limits on the outer radius of a ring
Even for planetary systems without any detectable signatures of a ring, we may constrain the property of a possible ring within the observational detection limit. To proceed realistically, we need to reduce the number of free parameters charactering the ring. Thus we fix the inner radius of the ring as R in = R p , and set the opacity of the ring as T = 1 just for simplicity. Furthermore, we focus on two cases for the orientation angles of the ring as we describe in the next subsections. Thus we are left with a single parameter, the outer radius of the ring R out . In practice, we place upper limits on the ratio R out /R p from the fit to the lightcurves.
Aligned with the planetary orbit
Under the strong tidal interaction with the star, the ring becomes aligned to the orbital plane of the planet. Indeed Brown et al. (2001) gave the upper limit on the ring size of a Hot Jupiter, HD 209458 b, as 1.7R p assuming the alignment.
In a similar manner, we place upper limits on the ring size assuming the tidal alignment. The tidal alignment leads to the orientation of θ = arcsin(b/(a/R )) and φ = 0. In addition, the small value of θ enhances the effective optical depth viewed from the observer, relative to that from the -10 -top-view. Thus, we assume T = 1 even though rings can be very thin like Jupiter's rings.
In summary, we fix φ = 0 • , θ = arcsin(bR /a), T = 1, and R in = R p for fitting. Assuming these conditions, we fit the ringed model to the data using at least 100 sets of randomly chosen initial parameters, and we pick up the best solution among the local optimum solutions.
After obtaining the best solutions with fixed values of R out /R p , we define the 3σ limit (R out /R p ) upp where
becomes 9. In practice, we compute ∆χ 2 (R out /R p ) at 11 values of R out /R p : 1.1, 1.3, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0, 6.0, 8.0, and 10.0. Then we interpolate them to find (R out /R p ) upp .
Our procedure to setting the upper limit is illustrated in Figure 2 for KOI-97.01. In this example, the interpolated curve crosses the ∆χ 2 = 9 threshold at R out /R p = 1.55. Thus we obtain (R out /R p ) upp, Aligned = 1.55 for KOI-97.01. Figure 3 plots three corresponding fitting curves with R out /R p = 1.5, 2.0, and 2.5 along with the curve of the ringless model. If ∆χ 2 < 9 for R out /R p = 10.0, we do not place upper limits (R out /R p ) upp . These cases are marked as · · · in Tables 1 to 3 below.
The alignment condition is determined by the tidal dissipation function Q p and the Love number k p , the planet/star mass ratio, the dimensional moment of the inertia of the planet C, the orbital period P orb , and the normalized semi-major axis a/R . As discussed in Appendix A, 154 out of the 168 planetary systems are supposed to become aligned within a timescale of 1Gyr, if we adopt a fiducial values, Q p = 10 6.5 , k p = 1.5, C = 0.25, and the mass-radius relation (Eq (8) in Weiss et al. (2013) ). We compute the upper limit on R out /R p for all 168 systems in any case even if their alignment timescale is long.
Orientation of the Saturnian ring
As another model for the ring orientation, we simply adopt the Saturnian case φ = 0 • and θ = 26.7 • , in addition to T = 1 and R in = R p as before. Although the values of T and R in are adopted just for simplicity, the derived upper limits are mainly sensitive to R out , and can be scaled with the different values of T . An additional small signal due to an inner gap may be extracted if R in > R p , while it is not important in the present analysis (e.g Barnes & Fortney 2004; Akinsanmi et al. 2018) .
With fixed values of R out /R p , we search for the optimal solutions by varying other parameters in the similar manner as in Sec 3.4.1. In the analysis, we vary R out /R p up to 1/ sin(26.7 • ) 2.22, above which a shape of an assumed ring is not distinguishable from an oblate planet with the same oblateness. Practically, we use 8 fixed values of R out /R p : 1.1, 1.2, 1.3, 1.4, 1.6, 1.8, 2.0, and 2.22. Then, we obtain the 3σ limit (R out /R p ) upp, Saturn by interpolating the values of (6), of an aligned ring model for KOI-97.01. The value of R out /R p = 1.55 where ∆χ 2 = 9 is defined as our (R out /R p ) upp, Aligned . Fig. 3 .-Lightcurves for KOI-97.01. Gray points are the binned data of KOI-97.01. Blue, red, and cyan curves correspond to the best-fits of the ringed model with R out /R p = 1.5, 2.0, and 2.5, respectively. The lower panels indicate the residuals with respect to the best-fit of the ringless model.
-12 -{R out /R p , ∆χ 2 (R out /R p )}. If ∆χ 2 < 9 for R out /R p = 2.22, we do not give the upper limits (R out /R p ) upp, Saturn .
In addition to the limits on R out /R p , we also place upper limits on the ratio of the outer radius of the ring and the stellar radius, (R out /R ) upp . Qualitatively this is simply given by (R out /R p ) upp × (R p /R ) ringless , but not exactly because the best-fit planet radius may be different if the ring model is assumed instead. To evaluate (R out /R ) upp correctly, we estimate R p /R corresponding to (R out /R p ) upp, Saturn by interpolating the values of {R p /R , (R out /R p ) upp, Saturn }. Then, we obtain (R out /R ) Saturn,upp = (R out /R p ) upp, Saturn ×(R p /R ) using the interpolated values. For simplicity, we only give (R out /R ) upp for systems with (R out /R p ) upp, Saturn .
Incidentally the damping timescales of the 13 systems with p < 0.001 turned out to be significantly less than 1 Gyr except for KOI-868. Thus the possible rings for the 12 systems are likely to be aligned with the planetary orbital plane. Thus we do not compute (R out /R p ) upp, Saturn for all the systems with p < 0.001.
Result of the ring survey

No Convincing Candidate for a Ringed Planet
We have performed a ring search following the method described in Section 3. The result for all the 168 Kepler objects is summarized in Tables 1 to 3. We identify 29 candidate objects with p-values less than the threshold value of 0.05. For most of these systems, the ring model yields χ 2 ring /dof ∼ 1 (Figure 4 ). However, after inspecting individual lightcurves of these systems, we conclude that none of them is a viable candidate for a ringed planet. The 11 of the 29 candidates do not exhibit any convincing ring-like signatures in the lightcurves, and so are excluded. The other 18 systems do show anomalous features in the lightcurves, but they are most likely ascribed to other mechanisms: gravity darkening (2 systems), spot-crossing (9 systems), disintegration of a planet (1 system), artifacts generated during the folding process (3 systems), and stellar activity (3 systems). See Appendix B for details of this process, as well as for individual lightcurves.
Upper Limits on the Ring Size
Result
Given the null detection, we derive upper limits on the outer radius of the possible ring following the method described in Sec 3.4. The resulting upper limits, (R out /R p ) upp, Aligned , (R out /R p ) upp, Saturn , and (R out /R ) upp , are listed in Table 1 Figure 5 compares upper limits (R out /R p ) upp for the aligned and Saturn-like configurations against the physical planetary radii. The latter values are computed as (R p /R ) ringless ×R , where the values of (R p /R ) ringless are obtained from the ringless model and the stellar radii are taken from the Kepler catalog. Even assuming the ring aligned with the orbital plane, we find fairly tight limits on the ring size (several times R p ) for a few tens of systems. Figure 6 is a similar plot to Figure 5 , but against the equilibrium temperatures T eq of the planets. The exhibited pattern does not reflect the physical dependence of (R out /R p ) upp on T eq , but simply comes from the fact that the hotter planets have shorter orbital periods, and hence larger signal-to-noise ratios of the phase-folded lightcurve. With sufficient signal-to-noise ratios for future data, however, such plots would provide interesting constraints on the physical properties of rings as a function of melting temperature of different compositions.
As mentioned in Section 4.1, the lightcurves of some of the 29 systems with p < 0.05 include contributions from the effects other than rings, such as gravity darkening and spot crossing. Nevertheless, we neglect them in deriving the upper limits on R out /R p . If we fit and remove those effects from the lightcurve, the upper limits may become more stringent. In this sense, the upper limits on R out /R p listed in Tables 1 and 2 
Comparison of Roche radius and upper limits
To understand implications of the upper limits physically, we compare the limits (R out /R p ) upp with the Roche radii. If we consider ring formation by tidal destruction of incoming objects (e.g. satellites), the outer radius of the ring may be set by the Roche radius:
where ρ p is the planetary density and ρ s is that of the incoming object. Here we scale the result using ρ p = 1 gcm −3 and ρ s = 3.5 gcm −3 , which are the typical values for rocky components in the Solar System. This implies that, if the inferred upper limit on the ring size R out /R p is much smaller than 1.6, the ring is unlikely to exist even inside that limit -unless ρ s is unreasonably large. In our sample, six systems satisfy t damp < 1Gyr and (R out /R p ) upp, Aligned < 1.6, and one satisfies t damp > 1Gyr and (R out /R p ) upp, Saturn < 1.6. We may exclude possible rings around these systems.
Upper Limits on the Ring Occurrence
The above limits on R out /R p translate into the the upper limit on the occurrence rate of rings q[> x] as a function of x ≡ R out /R p . Here q[> x] is the probability that a planet has a ring larger than x times the planetary radius. For example, q[> x = 1] is simply the occurrence rate of rings, and q[> x = 2] is that of rings larger than twice the planetary radii.
We attempt to estimate the upper limit on q[> x] as follows. For a given value of x, consider n samples extracted from systems with q[> x], for which the rings with R out /R p > x should -16 -have been readily detectable -so this may be chosen to be N [< x], the number of systems with (R out /R p ) upp < x. Then the probability that we detect n obs rings with R out /R p ≥ x out of the n samples is given simply by the binominal distribution:
Without any prior knowledge of q[> x] nor n obs , we assume the uniform distribution for Prob(q[> x]) and Prob(n obs ) with proper normalizations:
Prob(n obs |n) = 1 → Prob(n obs |n) = 1/(n + 1)
According to Bayes' theorem, we obtain
The corresponding cumulative distribution function for q[> x] is given by:
Here, we would like to obtain the 95% upper limits of q[> x]. Thus, the above equation gives ]. Physically speaking, the limit (R out /R p ) upp, Aligned is appropriate only for systems with small values of t damp , which have likely achieved tidal alignment. On the other hand, (R out /R p ) upp, Saturn may be more relevant for those with large values of t damp . Therefore, we distinguish the systems with t damp < 1 Gyr and t damp > 1 Gyr in the plot. The more relevant subset is shown with thick lines in each panel.
Summary and Discussion
We have performed a systematic and intensive search for exo-rings among the 168 Kepler planet candidates. The targets are homogeneously selected from all the KOIs that have the signalto-noise ratio of the phase-folded lightcurves exceeding 100. As a result, a majority of our targets are short-period planets. This sample is complementary to that of long-period planets analyzed by Aizawa et al. (2017) , and significantly larger than the 21 short-period planet samples by Heising et al. (2015) .
For all the targets, we obtained the best-fit ringless and ringed model parameters from their individual phase-folded lightcurves following Aizawa et al. (2017) . Then, we compare the two bestfits, and we select 29 systems as tentative candidates for which the ringed-model fit better explained the data than the ringless-model fit.
Those 29 systems are further examined individually and visually, and we conclude that none of them exhibits clear signature of a planetary ring. Instead, we derive upper limits on the ratio of the outer radius of the possible ring and the planetary radius assuming two different configurations; the tidally aligned ring and the Saturn's ring. The derived upper limits for individual systems are summarized in Tables 1 to 3. The distribution of those upper limits can be used to derive the statistical upper limits on the occurrence rate of planetary rings as a function of R out /R p . We found that Prob(R out /R p > 2) should be less than 15 percent for tidally aligned ring systems.
Given that our targets are mainly in close-in orbits, the null detection of rings may not be so surprising (e.g. Schlichting & Chang 2011) . This is also consistent with the fact that dense planetary rings in our Solar System are discovered exclusively at temperatures close to 70 K (Hedman 2015) . Nevertheless, our current result clearly indicates that the existing Kepler data are already accurate and precise enough to probe the planetary rings of a comparable size to the planet itself. This is quite encouraging, and the future effort towards the discovery of ring would likely be -18 -rewarding as we have witnessed numerous unexpected surprises in the history of astronomy, and especially exoplanetary science.
We also believe that the current methodology and examples of false-positives would be very useful in such future searches for planetary rings with improved datasets.
Having said so, it is important to emphasize other independent approaches to the ring survey. For instance, Zuluaga et al. (2015) pointed out that KOIs flagged as "FALSE POSITIVES", which we intentionally exclude from our current targets, may be promising because they could include possible ringed planets that are misinterpreted as anomalously large planets. Also a precession of planetary rings may induce a detectable level of transit depth variation (e.g. Carter & Winn 2010; Heising et al. 2015) . In addition, scattering and diffraction of the star light by the ring particles may be observable depending on the size of ring particles, especially through multi-band photometry in space.
Therefore, we expect that the upcoming observations with TESS and PLATO will substantially improve the observational searches for and understanding of the exoplanetary rings combined with the current result of the Kepler data.
A. Timescale for tidal alignment of planetary ring
The deviation of the lightcurve due to a ring relative to a ringless planet model prediction crucially depends on the size, opacity and orientions of the ring. In turn, a useful constraint on the size of the ring is placed only if the orientation of the ring is well specified. The ring axis is most likely aligned with the planetary spin axis. In the case of close-in planets as we mainly consider in the present paper, the planetary spin axis is expected to be tidally aligned with that of the planetary orbit. Therefore the ring axis in such tidally aligned systems can be specified physically.
The damping timescale, which is comparable to the spin-orbit synchronization timescale, is 
(e.g. Schlichting & Chang 2011). In the above equation, a is the semi-major axis of the planetary orbit, R p is the planetary radius, P orb is the planetary orbital period, M p is the planetary mass, M is the stellar mass, C is the dimensionless moment of inertia of the planet (i.e., divided by M p R 2 p,eq with R p,eq being the equatorial radius of the planet), Q p is the tidal dissipation function of the planet, and k p is the Love number.
We estimate t damp for our target systems using the parameters from the Q1-Q17 Data Release 25 catalog of KOIs (Thompson et al. 2017) , and list the values in Tables 1 to 3 . In doing so, we adopt typical values of Q p = 10 6.5 , C = 0.25, and k p = 1.5 . The adopted value of Q p is supposed to be typical for gas giants, but that for rocky planets would be substantially smaller. Thus the values listed in Tables 1 to 3 would be significantly over-estimated for rocky planets.
For the majority of systems, the planetary mass M p is not directly measured. Thus we adopt Eq. (8) of Weiss et al. (2013) , and rewrite it as
where M ⊕ and R ⊕ are the mass and radius of Earth, and F is the incident flux of the host star received at the location of the planet:
with σ SB is the Stefan-Boltzmann constant. For example, if we consider the Hot Jupiter (a=0.05 AU) around the Sun, we obtain F = 5.46 × 10 8 ergs −1 cm −2 .
We compute M p from R p in the Kepler catalog for 155 systems. According to Eq. (A2), the remaining 13 systems have M p > M J and we set M p = M J for such systems, since Eq. (8) of Weiss et al. (2013) cannot be applied for that range. Because we use the values of M p only in computing their t damp , that simple estimate does not change our result.
B. Closer consideration of individual systems with p < 0.05
The analysis described in Section 4 leaves 29 systems with p < 0.05. Their lightcurves are carefully examined and compared with the expected ring signature. It turned out that they are not caused by the presence of a ring. We describe the origin of those anomalies individually here. They are interesting objects themselves, and also provide useful examples of possible false-positives for future ring searches.
-20 -B.1. Gravity darkening: KOI-2.01 and 13.01
Fast rotating stars have higher (lower) effective surface temperature in the polar (equatorial) regions because of the stronger centrifugal force along the equatorial plane. Thus the transit lightcurve becomes asymmetric with respect to the central transit time depending on the path of the planet. The anomaly due gravity darkening is not confined preferrentially around the ingress or egress phases unlike the ring signature (see Fig. 3 for example) , and can be distingushed easily by eye. Figure 8 shows a lightcurve of our tentative candidate KOI-13.01 (Kepler-13 b), which cannot be well fitted anyway even by adding a ring. This system was analysed first by Barnes et al. (2011) , who found that the lightcurve is very well explained by gravity darkening. Masuda (2015) presented a further elaborated analysis of KOI-13 (Kepler-13), as well as another gravity darkened system, KOI-2, in our targets. 
B.2. Evaporation of atmosphere: KOI-3794.01
Another tentative candidate, KOI-3794.01 (KIC 12557548, Kepler-1520 b), is known as an evaporating planet (e.g. Rappaport et al. 2012) , whose lightcurve is shown in Figure 9 . Indeed, -21 -the transit depth of the lightcurves at different epochs (before phase-folded) exhibits significant time-variation, which is inconsistent with the ring hypothesis. B.3. Spot crossing during transit: KOI-3.01, 63.01, 676.01, 1353 KOI-3.01, 63.01, 676.01, .01, 1416 KOI-3.01, 63.01, 676.01, .01, 1539 KOI-3.01, 63.01, 676.01, .01, 1714 KOI-3.01, 63.01, 676.01, .01, 1729 Stellar spots add non-negligible anomalous features in the transit lightcurves. Among the 29 tentative candidates with p < 0.05, we find that 9 systems are likely explained by spot-crossing events, not by a ring. As a significant example, we show the phase-folded lightcurve of KOI-1714.01 in Figure 10 , where the entire flux is strongly affected by by spot-crossing events.
Spot-crossing features have been already reported for four systems out of 9 systems; KOI-3.01 (Kepler-3b) show frequent spot-crossing anomalies at fairly similar phases, and its planetary orbit is estimated to be misaligned relative to the stellar spin Phase-folded lightcurves of KOI-70.02, 102.01, and 148.01 show anomalous features around egress and ingress phases. The transit depth of those three systems is very small, and we suspect that the anomalies are simply caused by inaccurate central transit epochs in phase-folding. Figure 11 shows an example for KOI-148.01. In the left panel, we show the lightcurve, which is folded as described in §3.1. As shown in the left panel, the anomalous features appear around the egress and ingress. Then, to find out the origin of the anomaly, we create a phase-folded lightcurve using a linear ephemeris. Specifically, when we fit the individual transit, we fix each transit center to t cen,i = t cen,0 + iP orb , where t cen,i is the transit center at the i-th transit. Here, we retrieve t cen,0 -23 -and P orb from the Kepler catalog. The refolded lightcurve is plotted in the right panel, which show that the anomalous features disappear. We made sure that this is also the case for the other two systems, KOI 70.02 and 102.01. Out of the 168 targets, we find 11 systems that marginally favor the ring model at 2 − 3σ levels: KOI-4.01, 5.01, 212.01, 214.01, 257.01, 423.01, 433.02, 531.01, 686.01, 872.01, and 1131 .01. Figure 12 shows their lightcurves as well as the best-fit model with and without a ring (in blue and red lines, respectively)).
To examine their significance, we divide their individual transit lightcurves into two groups as described in subsection 3.3. If the anomaly is really caused by a ring, both p even and p odd should remain small. We find that 9 systems have both of p even and p odd larger than 0.32 (i.e., 1σ), and two systems have both p even and p odd with merely 1σ significance: (0.11, 0.12) for KOI-4.01 and (0.029, 0.037) for KOI-257.01. Even though the two systems are likely to be statistical flukes, we examined the lightcurve visually in any case. The lightcurve of KOI-4.01 seems marginally consistent with the ring signature, but the amplitude is so tiny and can be easily produced by random noise. The features of KOI-257.01 are likely to produced by the folding procedure as we discussed in Sec B.4 because the transit depth is so small.
We note that the rejection of the null hypothesis of a ring with the level of p = 0.05 implies that 168 × 0.05 = 8.4 systems are expected to show 2σ signals even if there is no ring at all. Thus 11 marginal systems even if there is no ring system are fairly consistent with our choice of the -24 -threshold.
B.6. The remaining systems: KOI-12.01, 868.01, and 971.01
Finally, we consider the remaining three systems that have not been discussed.
The lightcurve of shows anomalous features during the transit, which are significant during -0.03 days to 0.1 days with respect to the central transit epoch. We find that such large pulse-like signals appear also during out-of-transit. Thus they are likely due to stellar activities.
The lightcurves of KOI-971.01 (KIC 11180361) show strong stellar activities, which are typical for multiple star systems (Niemczura et al. 2015) , and CFOP webpages also identify this system as false positive. Thus, the planetary rings are not origins of the signals.
The lightcurve of KOI-868.01 shows an anomaly during the egress, which is shown in the left panel of Figure 13 along with the best-fit models. The fit yields χ 2 ringless, min /dof = 202.0/190, χ 2 ring, min /dof = 171.6/195, and p = 7.88 × 10 −6 . The analysis based on the binned data supports a Neptune-sized ringed planet of an orbital period of 236 days. The best-fit ring model gives θ = 25.5 ± 10.0 • , φ = 12.4 ± 3.7 • , T = 0.46 ± 0.18, r in/p = 1.88 ± 0.36, and r out/in = 1.63 ± 0.43. The radius ratio R p /R = 0.099 ± 0.012 gives R p /R J = 0.63 ± 0.08 assuming the stellar radius R = 0.657 +0.022 −0.032 R . The non-vanishing obliquity is consistent with the long alignment timescale t damp = 2.95 Gyr.
In order to check the consistency of signals, we calculate the p-values for the two transits in the short-cadence data separately. As a result, we find p = 0.76 and 7.4e-07 for the first and second transits, respectively. Indeed as indicated in the right panel of Figure 13 , the lightcurves at the first and second transits are systematically different. Therefore KOI-868.01 is unlikely to be a ringed planet. We do not understand the origin of the anomalies because there are only two transits, but suspect that temporal stellar activities or spot-crossing events are responsible. 
